The pH of dermal wounds shifts from neutral during the inflammatory phase to slightly basic in the tissue remodeling phase. Stage specific wound treatment can be developed using environmentally responsive alginate hydrogels. The chemistry of these networks dictates swelling behavior. Here, we fabricated alginate hydrogels using chain growth, step growth, and combined mixed mode gelation methods to crosslink methacrylated alginate (ALGMA) and gain control over swelling responses. Methacrylation of the alginate network was confirmed through NMR spectroscopy. Strontium cations were introduced to fabricate stiffer, dually crosslinked hydrogels. Dual crosslinking significantly decreased the swelling response over the pH range of 3-9 for step growth and chain growth hydrogels, with no impact on mixed mode hydrogels. The extent of crosslinking altered the hydrogel degradation profiles under accelerated degradation conditions. Encapsulated NIH/3T3 fibroblasts in the different ALGMA hydrogels remained viable with greater cell proliferation in the stiffer gels. Collagen organization deposited by the NIH/3T3 fibroblasts was monitored using second harmonic generation (SHG) microscopy and was influenced by the crosslinking mechanism. Ionic chain growth and ionic mixed mode crosslinked ALGMA hydrogels caused relatively isotropic collagen organization, particularly 10 days post-cell encapsulation. Principal component analysis (PCA) was employed to uncover correlations between the observed properties. The ability of these environmentally responsive gels to induce isotropic collagen and respond to pH changes means they hold promise as phase specific wound dressings.
Introduction
Wound healing responses are dynamic processes with both cell types and their populations changing throughout the process. 1 The process of wound repair can be divided into three overlapping phases after hemostasis: inflammation, proliferation, and remodeling. 2, 3 Depending on the physiological response from the inflammatory phase to proliferation, wounds can be classified as acute or chronic. 4 Chronic wounds can result from a compromised immune response, as is common in diabetes. 5 Diabetic foot ulcers occur in over 15 to 25% of diabetics, with an annual incidence rate of over 10%. 6 A recent study showed that there has been an approximately three fold increase in the cost of skin disease related medical expenses from $29 to 75 billion in the past 13 years. 7, 8 The economic burden and high incidence rate of chronic wounds demonstrates the need for rapid and effective treatments for these afflictions.
Hydrogels have been commonly used as bioactive wound dressings. 9 Diverse crosslinking strategies have been devised for tuning the mechanical and chemical properties of the hydrogels, particularly for naturally derived hydrogels like alginate, chitosan, and gelatin. [10] [11] [12] Depending on the interaction of these hydrogels with biological media, it is possible to fabricate substrates that mimic the local extracellular matrix to improve biocompatibility. 13 Hydrogels polymerized by physical or covalent crosslinking have different mechanical properties compared to a combination of the two to prepare dually crosslinked gels. 14 An integral aspect of developing topical formulations to aid in the wound healing response is to synthesize environmentally responsive hydrogels through diverse crosslinking strategies. 15 The chemical structure of the polymer network plays a major role in its response to different environmental cues. Many properties such as ionization equilibrium, counterion species, and ion concentration can control the pH response of ionically crosslinked hydrogels. 16, 17 However, less focus has been paid to pH responses of covalently crosslinked hydrogels. In this study, we present a method for functionalizing very low viscosity alginate using methacrylic anhydride to improve the mechanical properties and degradation kinetics of the hydrogel. This allows us to photo-crosslink ALGMA through step growth, chain growth, or a combination of the two, termed mixed mode to form soft yet biocompatible hydrogels. We investigated the mechanical properties, swelling responses under diverse pH conditions, degradation kinetics, cytocompatibility, and collagen deposition by encapsulated NIH/3T3 fibroblasts. With the use of statistical analytical techniques -namely PCA -we identified key factors that can induce isotropic collagen organization for improved biomedical implants that can be applied for chronic wounds.
Alginate has been widely used as a biomaterial for applications in wound healing and tissue engineering as it is naturally occurring, relatively inexpensive, can provide a moist environment suitable for encapsulated cells, and can be gelled under mild conditions. Divalent cations are typically used to ionically crosslink alginate in situ. 18 However, these physical interactions are weak, meaning that divalent cations can be easily displaced by physiologically abundant monovalent sodium. 19 Chain and step growth crosslinked hydrogels have been used to encapsulate cells for drug release and tissue engineering applications. 20 Chain growth crosslinking can be achieved by using photoinitiator Irgacure 2959 to activate the carbon-carbon double bond in an oxygen poor environment. 21, 22 Thiol-ene chemistry is a facile and selective reaction that can be used to crosslink a wide variety of naturally and synthetic polymers. 23 Unlike chain growth crosslinking, step growth polymerization is carried out in the presence of oxygen to limit the former. 21 This method for propagating step growth crosslinking is a viable modification strategy to chemically crosslink biological molecules using thiodendrimers, which is a significant improvement on previous copper based crosslinking reactions, which can cause cytotoxicity. 24 Alginate hydrogels covalently crosslinked through chain growth and click chemistry are cytocompatible, mechanically tunable hydrogels that are capable of providing a good approximation for studying cell-biomaterial interactions.
In situ photocrosslinkable polymers are a promising construct for fabricating hydrogels for varied applications such as drug release systems, as well as tunable sensors for biomedical applications. 25 Ultraviolet (UV) light can be used to initiate free radical polymerization to covalently crosslink functional methacrylate groups on the polymer chain and induce liquid-solid transitions of cell-gel formulations. Previous studies showed successful crosslinking of alginate and hyaluronic acid based hydrogels using methacrylate functional groups to prepare tissue engineering constructs. 26 This crosslinking chemistry was used to synthesize functional hydrogels that were used to encapsulate chondrocytes in an osteochondral defect model to study how materials properties of gels can be used for cartilage repair. 27 Increased collagen secretion, swelling responses, and cytocompatibility of encapsulated cells were some of the key parameters identified in these studies that can be further studied for the development of environmentally responsive hydrogels synthesized from methacrylated polysaccharides. 26, 27 Natural wound healing processes are not perfect and can often result in scarring which is marked by aligned collagen fibers. [28] [29] [30] Collagen organization plays a critical role in wound contraction, and scarring negatively impacts natural wound healing. 31 It is essential to have a better understanding of the material interactions with collagen secreting fibroblasts that result in randomly organized collagen deposition to repair the wound site to its original state. 32 Although SHG microscopy is highly sensitive to the presence of collagen, there is a dearth of information using this multimodal imaging technique to characterize the organization of collagen secreted by fibroblasts to evaluate the wound healing progress and effective tissue engineering strategies. 33 In this study, we use SHG microscopy to improve evaluation of environmentally responsive hydrogel substrates for understanding key parameters that can positively influence the wound healing process.
Experimental

Materials
Very low viscosity alginic acid (CAS 9005-38-3) was obtained from Alfa Aesar (Tewksbury, MA). Other materials were purchased through Sigma Aldrich (St. Louis, MO) and were used as received, unless otherwise stated. Fresh deionized water (Milli-Q, Thermo Scientific Nanopure, Waltham, MA) was used throughout this study.
Methacrylated alginate (ALGMA) synthesis
ALGMA was prepared as previously described. 34 A 1% (w/v) solution of very low viscosity alginic acid in DI water was prepared. While the solution was mixing, 16 mL of methacrylic anhydride was slowly added. The pH was maintained between 8 and 9 using 5 M NaOH while reacting at 4 ℃ for 24 h. The solution was dialyzed for 48 h against water using a molecular weight cutoff membrane of 13,000 Da. The dialysate was changed twice daily. The solution was lyophilized (4.5 L, Labconco, Kansas City, MO) and the ALGMA was collected as a white, soft solid. This reaction is illustrated in Figure 1A .
NMR was used to confirm methacrylation of the alginic acid. Solutions of alginate and ALGMA were prepared using standard protocols. 35, 36 Briefly, ALGMA was dissolved in D2O and lyophilized three times to replace all protons with deuterium before ~12.5 mg of polymer was dissolved a final time in 600 µL of D2O. The 1 H spectra were recorded on a Bruker Avance III Spectrometer at 70ºC using a sweep width of 6602.1 Hz, a 90º pulse, and an acquisition time of 2.48 s. A total of 128 repetitive scans with 64k points were acquired and the data were processed in MNova with 128k points, zero filling, and exponential line broadening of 1.0 Hz. The extent of methacrylation was calculated by the relative integrations of the protons from the methacrylate groups ( 2 at δ= 6.0 and 5.6 ppm, and the methyl peak (1)
Hydrogel fabrication and characterization
To 10 mL of DI water, 300 mg of ALGMA was dissolved to obtain a 3% (w/v) solution.
Irgacure 2959 (10 mg) was added to the stock solution. Three different gelation reactions, step growth, chain growth, and mixed mode polymerization were used to obtain different hydrogels.
For chain growth gels, an aliquot of the stock solution was degassed under vacuum. For step growth polymerization, 250 µL of 4 mg/mL dithiothreitol (DTT) was added to the stock solution.
For the mixed mode polymerization, 250 µL of 4 mg/ml DTT was added to the stock solution and it was degassed. All three pre-gels were exposed to UV light (365 nm, 2 W/cm 2 ) for 10 min. For preparation of dually crosslinked ALGMA hydrogels, 100 µL of 0.2 M SrCl2 was added after the gels were exposed to UV light.
Hydrogel pegs (6 mm thick, 16 mm diameter, n = 4) were placed between two glass slides on top of which weights were added. Height changes and cross-sectional areas of the hydrogel pegs were measured through Image-J (NIH, Bethesda, MD). The compressive modulus was defined as the slope of the linear region in the stress-strain curve in the 5 -15% strain range.
To measure the swelling ratios, the hydrogels (n = 3) were dried at room temperature in a desiccator. The solid was then swelled in 1 mM acetate buffer solution at pH 3, 5, 7.4, or 9 for 2 days. The wet and dry weights were recorded, and the swelling ratios were calculated using equation (2), where M is the wet mass and M is the dry mass.
In vitro degradation
For each gelation method, 1 mL of hydrogel was exposed to UV light and placed in 0.1 mM NaOH to determine how the crosslinking mechanisms affected gel stability and degradation profiles. The hydrogels were first equilibrated for 24 h in water before measuring the initial mass to eliminate swelling effects. The mass of the hydrogel (n = 3) was measured every 24 h and compared with the initial mass.
Cell culture and proliferation assay
NIH/3T3 fibroblasts (ATCC, Manassas, VA) were cultured at 37°C with 5% CO2 in complete medium (CM, Dulbecco's modified Eagle's medium (Thermo Scientific) supplemented with 10% bovine calf serum, 100 U/L penicillin, and 100 μg/mL streptomycin). To 48 well plates, 200 μL of cell solution at 1 × 10 7 cells/mL was mixed with 300 μL hydrogel. Both live and dead controls were made in which the cells were plated directly on the tissue culture plastic in the absence of hydrogel. After 48 h, the dead control was aspirated and 300 μL of 70% ethanol was added for 10 minutes to kill the cells. The supernatant in each well was then aspirated and replaced with 150 μL phosphate buffered saline (PBS) with 0.3 μL of 1 mg/mL calcein-AM and 1.12 μL of 1 mg/mL 7-aminoactinomycin D (7-AAD) and incubated for 40 min. Images were taken with a EVOS Floid Cell Image Station (Thermo Scientific) using the red (excitation/emission 586/646 nm) and the green channels (482/532 nm).
Second harmonic generation microscopy of the gels
NIH/3T3 fibroblasts were suspended at a concentration of 1 × 10 7 cells/ml and mixed with an equal volume of hydrogel precursor solution. This solution (100 μL) was pipetted between two glass coverslips, exposed to UV light for crosslinking, and placed in Petri dishes containing CM.
The cells were fed every three days. Negative controls consisting of gels without cells were also prepared. After 5, 7, or 10 days, the samples were fixed in 10% formalin solution and imaged.
All samples were imaged using a mode- 
where and are the second-order susceptibility tensor element ratios, R and are the incident polarization angle and collagen fiber angle, respectively, and c is a normalization constant.
The orientation angle of collagen in each ROI was calculated and a histogram was generated.
Collagen organization was measured by fitting the orientation angle histogram with a Gaussian fit over a 180° profile and full-width at half maximum (FWHM) values were obtained. Collagen types were identified using a previously described method. 37 Briefly, collagen gels with varying collagen type III concentrations were imaged using SHG microscopy and the data was fit using equation 3.
Histograms of revealed the presence of two peaks: one at ~0.8, which is assigned to collagen type III and the second at ~1.2, corresponding to collagen type I. The ratios of these integrated peaks were plotted against collagen type III concentration to yield a standard curve. This curve was used to estimate collagen type III concentrations in the imaged hydrogels.
Statistical analysis
All data was subjected to statistical analysis and values are reported as mean ± standard deviation (SD). Statistical significance of the mean comparisons was determined by a two-way ANOVA. Pair-wise comparisons were analyzed with Tukey's honest significant difference test.
Differences were considered statistically significant for p < 0.05. Principal component analysis was conducted to uncover the correlations between the characterized properties of the gels and the collagen organization by the encapsulated fibroblasts.
Results
Characterization of ALGMA hydrogels
ALGMA was characterized using 1 H NMR spectroscopy (Figure 1 ), using a previously described protocol. 35 The mannuronic acid content of the unmodified alginate was determined to be 45 ± 2%, with ii and iii labeling the guluronate and mannuronate residue peaks. 38 Two peaks appear in the ALGMA spectrum at 6.0 and 5.6 ppm, which are assigned to the methylene and methacrylamide protons, labeled as iv (Figure 1) . The extent of methacrylation was calculated through the relative integration of the methacrylate and methyl peak (at 2.0 ppm, labeled as i) to those from the protons of the modified alginate (peaks ii and iii), as 25 ± 2%. The methacrylate (δ= 6.0 and 5.6 ppm) and methyl peaks (δ= 1.8 ppm) were integrated and normalized to the integrated carbohydrate peak from the polymer.
Compressive moduli
The compressive modulus can serve as an approximation for the extent of crosslinking when comparing polymers with similar backbones (i.e., similar branching, molecular weight) fabricated using different crosslinking methods. 39 The compressive moduli (Figure 2 ) increase from step growth to chain growth to mixed mode (0.71 ± 0.04, 1.29 ± 0.07, and 1.61 ± 0.03 kPa, respectively). Introducing ionic junctions through strontium ions further increased the moduli.
Ionically crosslinked ALGMA has a modulus of 0.53 ± 0.03 kPa. The increase in the compressive moduli for dually crosslinked hydrogels are ~500 Pa higher than their counterparts that are not ionically crosslinked (1.21 ± 0.07, 1.99 ± 0.11, and 2.24 ± 0.12 kPa for step growth, chain growth, and mixed mode gels, respectively). All compressive moduli found to be significantly different from one another.
Swelling response
Significantly higher swelling responses were observed in basic conditions (pH 9) compared to the acidic conditions (pH 3, Figure 3 ). This trend was consistent for all crosslinked alginate hydrogels studied here. The swelling response of the ionically crosslinked non-methacrylated alginate hydrogels was higher than the covalently crosslinked hydrogels.
Degradation kinetics
For the rate of deposition of extracellular matrix (ECM) proteins and neovascularization to match degradation of the polymer at the wound site, 40 it is essential to have well characterized degradation kinetics. These hydrogels were incubated in accelerated degradation conditions (0.1 mM NaOH, Figure 4) . Statistically, there was no difference for step growth, chain growth, and mixed mode gels with all three gels degrading to 50% of their original mass within 5-6 days. The ionically crosslinked hydrogels degraded completely within 6 h and are not shown. Dually crosslinked hydrogels were more stable than their covalently crosslinked counterparts with 50% of their original mass remaining after 13-16 days.
Cytocompatibility of ALGMA hydrogels
Wound dressings must be cytocompatible. NIH/3T3 fibroblasts were encapsulated in the different ALGMA hydrogels and imaged using a live/dead assay. Cell proliferation after 48 h was normalized to the controls (cells cultured on tissue culture plastic) ( Figure 5) . Cell proliferation increased with increasing compressive moduli of the ALGMA gels. The covalently crosslinked hydrogels showed proliferation of 24 ± 1, 32 ± 2, and 44 ± 1% for the step growth, chain growth, and mixed mode, respectively. The dually crosslinked hydrogels showed significantly higher cell proliferation of 54 ± 4, 62 ± 1, and 65 ± 1% for the ionic step growth, ionic chain growth, and ionic mixed mode gel types, respectively. Significant increase in cell proliferation was observed for all gel conditions. The NIH/3T3 cells aggregated more for the dually crosslinked hydrogels compared to their covalently crosslinked counterparts (Figure 5A) . Overall, no dead cells were observed across all encapsulated conditions indicating minimal cytotoxicity of the alginate hydrogel. Cells were not encapsulated in non-methacrylated alginate hydrogels, due to their rapid breakdown under accelerated degradation conditions.
SHG microscopy
We used SHG microscopy to visualize the collagen deposition and remodeling in the cellgel environment. Molecules must be non-centrosymmetric to be SHG active, which means that cell culture medium and the hydrogel network will not contribute to the signal. Collagen organization was quantified using FWHM values of the Gaussian fits (in red) for the different experimental conditions. There was a clear trend for collagen organization in the chain and step growth hydrogels. Initially, collagen was highly ordered -showing narrow Gaussian fits, corresponding to low FWHM values -on day 5 and became significantly more disordered on days 7 and 10, with the distributions getting flatter (and FWHM approaching 90°) (Figure 6) . We observed the same trend for dually crosslinked hydrogels (Figure 6) . Mixed mode hydrogels, both covalently and dually crosslinked, showed no significant changes in collagen organization from days 5 to 10. The % collagen III calculated from the susceptibility tensor ratios (Figures S1 and   S2 ) showed no trend for any of the hydrogel formulations, with their values varying from 1 to 36% (Tables S1 and S2).
PCA
Relationships between the collected data were analyzed using informatics analysis. For PCA, similar distances and angles of the projections indicates the data are correlated. Here, a
Euclidean geometric map was used to uncover trends between the materials properties of the alginate gels and the collagen organization and type present in those gels. These have been plotted as PC1 and PC2, which are linear combinations of the different variables mapped on two new axes.
In our study, PC1 explains 57.6% of the data variance and PC2 explains 23.4% of the data variance, which represents >80% of the original data information. Swelling ratios and compressive moduli were negatively correlated. Cell proliferation was strongly correlated to the mechanical modulus (Figure 7) . The Pearson correlation was R = 0.86 (Table S3 ). As expected, the compressive modulus was strongly negatively correlated to the swelling under basic conditions (pH 9) (R = -0.94, Table S3 ). Strong positive correlations were observed for the collagen FWHM (d10) with the cell proliferation (R = 0.74, Table S3 ) and degradation half-life under accelerated conditions (R = 0.85, Table S3 ).
Discussion
Here, ALGMA hydrogels were fabricated by methacrylating alginate using methacrylic anhydride. 34 Characterization of the compressive moduli, degradation kinetics, and the swelling responses to different pH conditions suggest that ALGMA gels are suitable for a variety of tissue engineering applications. The environmental response of the hydrogels to basic conditions, suggests that these gels could be used for controlled delivery applications of drugs to chronic wound environments. 41 ALGMA hydrogels were prepared through covalent crosslinking as well as dual crosslinking using both ionic and covalent mechanisms. The mechanism of crosslinking has considerable influence on the estimated compressive modulus. 21 Purely ionic crosslinking of very low viscosity alginates resulted in extremely soft hydrogels with moduli less than 1 kPa. Covalent crosslinking of the methacrylated alginate structure (Figure 1A) resulted in stiffer hydrogels, as seen with the step growth, chain growth and mixed mode polymerized gels being significantly stiffer in that order. This result is in line with previous studies that showed that the compressive modulus increased from step growth to chain growth to mixed mode crosslinking of polymers. 21 The additional strontium ions increased the number of crosslinks, which increased the compressive modulus of the gel. 14 Overall, the ALGMA hydrogels were tunable over the range of 0.6 to 2.5 kPa (Figure 2) . Previous studies on developing soft tissue scaffolds to encapsulate fibroblasts have used hydrogels with compressive moduli from 1 to 15 kPa. The matrix remodeling activity of these encapsulated cells was observed through analyzing their degradation activity in different hydrogel compositions. 18, 42 Another study compared ionic and photocrosslinked cell-encapsulated hydrogels having similar mechanical moduli in vivo. The ionically crosslinked hydrogel did not retain structural integrity, whereas the stiffer covalently crosslinked hydrogels remained intact with significant ECM deposition on their surface, indicating biomaterial acceptance. 43 The propensity for hydrogels to swell is inversely related to their crosslinking density.
Theoretical models based on the Flory interaction parameter can be used to predict swelling behavior. 44 Since crosslinking density and mechanical moduli are correlated through the theory of rubber elasticity, 45 the softer gels were expected to degrade fastest, with stiffer gels degrading slower. Based on the compressive modulus, the step-growth gel was expected to have the largest swelling ratio, with the dually crosslinked mixed mode hydrogel swelling the least. This trend was observed for every pH condition (Figure 3) . The carboxyl group on mannuronic acid has a pKa ~3.5. At pHs above the pKa, the charged carboxylate groups will repel one another, leading to a conformational change and volume increase of the hydrogel. 46 As such, significant increases were observed when the gels were exposed to increasingly alkali solutions. The swelling ratio was negatively correlated with compressive modulus (R = -0.94 with swelling ratios at pH 9). The purely ionic hydrogels with the lowest network density were observed to swell the most as expected at every pH condition, rising to 27 times their original dry weight at pH 9. The dually crosslinked hydrogels swelled significantly less than their covalently crosslinked hydrogel counterparts, with the ionic mixed mode hydrogel swelling to 13 times their original weight at the same condition. Crosslinking density and mechanism are important material properties that are correlated. Alginate, an anionic polymer with carboxyl groups along its structure, is expected to swell more under basic conditions, while simultaneously being influenced by the stiffness of the hydrogel itself due to its network structure. 46 This propensity to swell more under basic conditions means alginate has the potential to deliver cytokines to boost wound healing responses for chronic wound treatments. Further transport phenomena characterization of optimal pore size and drugmatrix interactions can move this material towards use as a controlled release system. 47, 48 Naturally derived hydrogels, compared to synthetic hydrogels, generally have better biocompatibility for biomedical applications. The mechanical properties and degradation rates of these gels are important parameters for improved regenerative medicine applications. 49 It has been shown previously that hydrolysis of the ester bond linkages in the alginate structure is the primary source of degradation. We hypothesize that under alkaline conditions, this influence is enhanced. 50, 51 The crosslinking mechanism influences the mechanical strength with step growth being lowest and mixed mode being highest. Ionic crosslinks had a uniform impact on the compressive modulus and did not alter this trend for the degradation kinetics (Figure 4) . Since mechanical strength is expected to be related to degradation, the covalently crosslinked gels were anticipated to degrade faster than their dually crosslinked counterparts. The dually crosslinked hydrogels had half-lives approximately twice as long as their covalently crosslinked counterparts.
The changes in swelling ratios were similar to the degradation trends, with the stiffest hydrogels swelling the least. This is in line with previous studies on photocrosslinked alginate hydrogels that showed strong correlations between increased stiffness, decreased swelling, and degradation rate characteristics. 48, 52, 53 Hydrogels used for tissue engineering applications must be cytocompatible. Live/dead staining images showed no cytotoxicity for NIH/3T3 cells encapsulated in the ALGMA hydrogels ( Figure 5) . Cell proliferation showed a strong correlation with the mechanical moduli (R = 0.86).
These observations agree with previous studies, showing that fibroblasts are highly sensitive to the changes in the stiffness of the substrates in both 2D and 3D conditions. 54 In both of these conditions, cells prefer stiffer substrates to form stable focal adhesions for better adhesion and subsequent proliferation. 55, 56 Balestrini et al. demonstrated the sensitivity of surface seeded fibroblasts differentiating to myofibroblasts with clear α-smooth muscle actin expression and increased cell proliferation. Cells encapsulated in ionic chain growth and ionic mixed mode hydrogels had cell proliferation > 70% (Figure 5) . Additionally, there were observable differences in the cell spreading when comparing the covalently and dually crosslinked sets of the ALGMA hydrogels, particularly for the chain growth and mixed mode crosslinked types. The NIH/3T3 cells cultured in the stiffer hydrogels exhibited more cell clusters as compared to the rounded, balledup morphology observed when in the covalently crosslinked gels ( Figure 5A) . Typical monolayer cultures have reported cell viabilities of around 90% for surface-seeded chondrocytes and fibroblasts on stiffer methacrylated alginate substrates with elastic moduli of 34 to 175 kPa. 53 SHG imaging of fibroblasts encapsulated in the ALGMA hydrogels showed changes in the organization of secreted collagen. Collagen organization progressed from anisotropic to significantly more isotropic distributions for covalently crosslinked step and chain growth gels ( Figure 6) . This trend continued for the dually crosslinked ALGMA hydrogels. One possible explanation for this observation is that excessive network entanglements for the mixed mode gels inhibited reorganization of the secreted collagen by the fibroblasts. Based on the swelling ratio and compressive modulus data, step growth and chain growth gels have a lower crosslinking density compared with the mixed mode gels. In one of the few studies using SHG microscopy to measure collagen organization in hydrogels, the formation and degradation of collagen fibrils appeared to be influenced positively by higher cell seeding density, however it was difficult to obtain direct cause-effect relationships. 57 Most studies have relied on fluorescent tagging protocols or SDS-PAGE analysis for qualitative or quantitative estimations of the types of collagen secreted. 58, 59 The use of multimodal imaging, specifically polarization resolved SHG imaging, is a relatively rare technique, yet it holds great promise for characterizing cell-biomaterial interactions without requiring dyes.
Principal component analysis has been an effective tool for evaluating correlations between materials properties and biological responses. Studies previously conducted on modifying medium viscosity alginate with diverse functional groups sought to elucidate the macrophage-biomaterial interactions that influence macrophage differentiation and reprogramming using PCA. 60 Collagen secretion by fibroblasts is an integral aspect of the wound healing response, particularly with respect to the differentiation and activity of fibroblasts, which can be initiated by cytokines such as transforming growth factor beta (TGF-β). 61 Initiation of specific pathways such as Rhoassociated protein kinase (ROCK), Yes-associated protein (YAP), and TAZ (responsible for the coding of the Tafazzin gene) are often up-regulated on stiffer substrates. 62 The feed-forward loop associated with stiffer substrates influencing fibroblasts to secrete more collagen and other ECM proteins is a biomarker for cancer associated fibroblasts, as well. 63, 64 Thus, rational design of tunable hydrogels for chronic wound treatment may be improved through PCA analytical methods that examine multiple facets of materials design. The positive correlation between the swelling responses at different pH conditions and compressive moduli indicates that there may be connections between those trends driven by their shared negative correlation to the latter (all between R = -0.88 and -0.94). The initial collagen secretion showed a strong negative correlation with the FWHM of collagen organization on the final day of the cell-gel SHG observations. This suggests that cellular activity was driving these changes. Though it was difficult to ascertain an overall trend for the collagen type III levels, the PCA showed that there was a negative correlation between collagen type III levels and the collagen secretion levels.
The modulation of collagen secretion by fibroblasts in hydrogels for understanding mechanical cues that can alter wound healing using non-linear optics is a relatively new approach for tissue engineering. Collagen gels have been studied in the past for their efficacy in hastening the wound healing process towards granular tissue formation. 65 The structure and orientation of collagen fibers have been studied for their influence on cell-mediated migration, which could play an important role in the remodeling of the wound site. 66 The relatively aligned collagen organization in response to the softer, covalently crosslinked hydrogels was in contrast to the relatively more isotropic response on the dually crosslinked hydrogel. Coupled with the correlation of the FWHM at d5 to the compressive modulus in Figure 7 , there is some basis for the hypothesis that the initial collagen organization was influenced by the mechanical properties of the encapsulating hydrogel. Histological studies have shown that collagen is highly aligned in hypertrophic and keloid scar tissues compared to being stochastic in normal skin. 32, 67 Highly aligned collagen fibers have been observed with increased collagen III % for inguinal hernia 68 Greater interest has been generated towards replicating isotropic collagen organization for improved wound healing, particularly for the treatment of chronic wounds. 69 Dually crosslinked hydrogels promote isotropic collagen organization and have the potential to improve wound healing outcomes by promoting disorganized collagen deposition during the remodeling phase.
Conclusions
In this study, we successfully fabricated different methacrylated alginate hydrogels using covalent and ionic crosslinking strategies to yield gels with tunable mechanical properties. Diverse polymerization mechanisms (such as step and chain growth) were used to fabricate alginate hydrogels ranging from very soft at 0.7 kPa to relatively stiffer gels prepared through dual ionic and covalent crosslinking. We demonstrated possible links between the increased swelling response and the crosslinking mechanisms for all hydrogel formulations under basic pH conditions, as expected from the anionic nature of the alginate polymer. Stiffer gels swelled to a lesser extent than softer gels across the same pH condition, possibly due to differences arising from rubber elasticity theory. These ALGMA hydrogels were found to be cytocompatible when encapsulating NIH/3T3 fibroblasts. Stiffer gels were able to induce isotropic collagen organization, similar to that of healthy dermal tissue. NIH/3T3 fibroblasts were mixed with ALGMA and crosslinked. Samples were imaged using SHG microscopy to observe the changes in collagen organization. 
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